Although there is evidence that acoustic stimuli are processed differently during sleep and wakefulness, little is known about the underlying neuronal mechanisms. In the present study, the processing of an acoustic stimulus was investigated during different non rapid eye movement (NREM) sleep stages using a combined EEG/fMRI approach in healthy human volunteers: A text stimulus was presented to sleep-deprived subjects prior to and after the onset of sleep, and single-slice silent fMRI were acquired. We found significantly different blood oxygenation level-dependent (BOLD) contrast responses during sleep compared to wakefulness. During NREM sleep stages 1 and 2 and during slow wave sleep (SWS) we observed reduced activation in the auditory cortex and a pronounced negative signal in the visual cortex and precuneus. Acoustic stimulation during sleep was accompanied by an increase in EEG frequency components in the low delta frequency range. Provided that neurovascular coupling is not altered during sleep, the negative transmodal BOLD response which is most pronounced during NREM sleep stages 1 and 2 reflects a deactivation predominantly in the visual cortex suggesting that this decrease in neuronal activity protects the brain from the arousing effects of external stimulation during sleep not only in the primary targeted sensory cortex but also in other brain regions. 
INTRODUCTION
Sleep is a life-sustaining behavior in mammals, being also necessary for the preservation of brain function. Although the reactivity to external stimuli is reduced during sleep, behavioral responses are not completely absent. Stimuli that are of contextual importance can induce prompt awakening but other stimuli may provoke only minor behavioral responses or none at all (Perrin et al., 1999) . This differential behavioral reactivity of the brain during sleep may be caused by specific changes in neuronal stimulus processing. The combination of functional magnetic resonance imaging (fMRI), which provides the highest anatomical resolution of all in vivo brain mapping techniques, and electroencephalography (EEG), which affords an unmatched temporal resolution of neuronal events, represents a promising approach to the study of the dynamics of region-specific changes in neuronal activity which accompany stimulus processing during sleep.
Although simultaneous recording of fMRI and EEG in a sleeping subject poses several technical and experimental challenges, a few studies have demonstrated that combined fMRI/EEG on sleeping human subjects is feasible. An activation of the visual cortex was observed during the transition period between non rapid eye movement (NREM) and REM sleep using a silent BURST sequence (Lövblad et al., 1999) . Portas et al. (2000) found an unperturbed blood oxygenation leveldependent (BOLD) contrast response to acoustic stimuli using a pure tone or the subject's name in the primary sensory cortex and caudate during NREM sleep as compared to wakefulness but reduced activation in the left parietal cortex, bilaterally in the prefrontal and cingulate cortices and the thalamus, and, finally, increased activation in the left amygdala and the left prefrontal cortex. Although the neurophysiology of sleep has been investigated extensively using other neuroimaging techniques such as positron emission tomography (PET) or single photon emission computed tomography (SPECT), so far no such study has focused on changes in regional blood flow or glucose metabolism associated with acoustic stimulation dur-ing sleep. In the resting condition, specific regional patterns of altered blood flow have been observed during the sleep-wake cycle, suggesting selective deactivation of heteromodal association areas during slow wave sleep (SWS), although blood flow appears remarkably unchanged in the primary and secondary sensory cortices (Braun et al., 1997; Maquet, 2000) . These few imaging studies suggest that processing of sensory stimuli during NREM sleep exists even in the absence of behavioral responses, which is supported by electrophysiological studies also indicating cognitive processing of auditory stimuli during sleep (Perrin et al., 1999) .
The aim of this study was to further characterize the effect of different sleep stages on the neuronal processing of acoustic stimuli in sensory cortices. A narrative text was used because this stimulus type has low arousing characteristics and is known to elicit robust and extensive brain activation in wakefulness. A combined fMRI/EEG approach was chosen to ensure the reliable detection and classification of sleep stages and to allow comparative analyses of both hemodynamic and electrophysiological responses. To increase the subjects' ability to sleep under experimental conditions, they were initially deprived of sleep for 36 h, and a silent fMRI sequence was employed.
MATERIALS AND METHODS

Subjects
Fourteen subjects (six men, eight women; mean age 24.7 years, age range 18 -29) participated in the study and were paid for their participation. According to the institutional guidelines, written informed consent had been obtained from all participants before they entered the study. All subjects achieved normal results in a general medical examination and in specific neurological and psychiatric interviews. In addition, no one had taken any centrally active drugs for a period of at least six months, or had experienced any recent time zone shift. The protocol consisted of two MRI sessions, with the first one serving as an habituation session as well as allowing us to determine the individual anatomy of the primary auditory cortex by use of standard multislice echoplanar fMRI. The second experimental session took place 1 week later. Prior to this second scan, subjects underwent 36 h of total sleep deprivation in order to improve the tendency to fall asleep and then reach SWS. MR experiments started between 5 and 7 p.m., were repeated several times during the session, and were stopped when the volunteer was either completely awake or started to feel uncomfortable, with a typical session lasting between 2 and 4 h. The subjects wore pneumatic earphones, with their heads immobilized by a vacuum cushion.
Polysomnographic Recording
Recordings made during the sleep of each subject included an EEG according to the international 10 -20 electrode system (F3, F4, C3, C4, P3, P4, O3, O4 versus a common average reference), an electrooculogram and a submental electromyogram in accordance with standardized guidelines (Rechtschaffen and Kales, 1968) . In addition, a three-lead electrocardiogram (ECG) was obtained to allow for the correction of pulse artifacts by postprocessing. Ag/AgCl electrodes and shielded electrode leads designed for operation in the scanner were used to minimize artifacts as described by Allen and coworkers (1998) . The electrodes were connected to a nonferrous 21-channel headbox (EMR digital, Schwarzer, Munich, Germany) placed behind the head coil for digitizing and amplifying the polysomnographic signals with an amplitude resolution of 0.1 V/bit. Signal transmission from the headbox to the digital EEG recording system (ED 24 polygraph, Schwarzer, Munich, Germany) outside the MRI scan room was performed via fiber optics. EEG signals were recorded using a sampling rate of 500 Hz and a sensitivity of 70 V. High-pass and low-pass filters were set at 0.53 and 70 Hz, respectively, and a notch filter set at 50 Hz was applied. All necessary precautions were taken to guarantee the safe recording of the EEG signals during image acquisition (Lemieux et al., 1997) . To check signal quality EEG recordings with periods of eyes open and closed were performed, with the subjects being first outside and then inside the scanner.
fMRI
The study was performed on a clinical 1.5 T scanner (GE, Medical Systems, MI) . During the habituation session, standard functional echo planar images (EPI) (TR ϭ 3000 ms/TE ϭ 60 ms, flip angle 90°, matrix 96 ϫ 96, FOV 28.8 cm, 7 slices each with 3 ϫ 3 ϫ 5 mm pixel resolution without gap) were acquired. This sequence had a maximum sound pressure level of 96 dB at 1.5 kHz on our system. To reduce scanner noise during sleep gradient echo fast imaging (GEFI) was used (TE ϭ 50 ms, TR ϭ 102 ms, flip angle 30°, matrix 256 ϫ 64, FOV 48 ϫ 24 cm). A single slice of 5-mm thickness was acquired in 7 s, running parallel to AC-PC and positioned such that the maximum activation in the auditory cortex and parts of the visual cortex was covered. The loudness of both the imaging sequence and the prescan routines (automated shimming, frequency and receiver/transmitter gain adjustments) were reduced by lowering the slope of the gradient flanks by 1/30, resulting in a noise reduction of 30 dB for scanning and 33 dB for prescan adjustments. No sinusoidal ramps were used. Thus, the noise level to which the subject was exposed was reduced to a level comparable with background noise caused by ventilation and airconditioning systems (Fig. 1) .
Stimulation
For stimulation, a tape recording of a novel by Mark Twain was used, presented in a block design with four periods of rest interspersed with three periods of continuously read text. This stimulus was felt preferable over, e.g., beeps (i) due to its lack of arousing components and thus decreased the likelihood to awake subjects, and (ii) due to a known strong and robust auditory activation in awake subjects (more than 100 subjects studied). Each period lasted 42 s, i.e., six images, with the first control period being preceded by two dummy scans to avoid non steady-state effects. The loudness of the text was set at a comfortable, nonarousing level for each individual. The stimulation was repeated during wakefulness and several sleep stages as determined by online EEG recordings.
EEG Data Analysis
Over the complete acquisition period sleep stages were visually scored online during non-fMRI periods according to the Rechtschaffen and Kales (1968) criteria. During digital postprocessing data were subjected to high-and low-pass (range 0.5-18.5 Hz) as well as band-selective filtering (9.8 Hz and sidebands) to remove distortions induced by the magnetic field gradients during the fMRI scans. A representative example of EEG recording is shown in Fig. 2 . The complete recording including fMRI periods was then reevaluated.
The EEG power spectra of all fMRI blocks were analyzed separately to allow for (i) an objective measurement of the EEG pattern during the experiment supplementing the visual staging, and (ii) a direct comparison of EEG activity under the two conditions. Subtracting the resting period from the activation period
FIG. 2.
Polysomnography: EEG and ECG traces in sleep stage 2 during a fMRI scan. In (A) the uncorrected data are shown. In (B) the EEG was filtered (0.5-18.5 Hz). In addition, the artifact at 9.8 Hz was removed and a pulse artifact correction was applied after three QRS complexes. The quality of the pulse artifact correction can be estimated on the ECG line. K-complexes (indicated by *) and a sleep spindle (arrow) can be identified in the EEG.
FIG. 1.
Reducing scanner loudness: Sound pressure level (SPL) measurements of the scanner using different MR protocols (A: gradient echo fast imaging (GEFI); B: "silent" GEFI as described in the text; AЈ: auto adjustment procedures (prescan); BЈ: "silent" prescan as described in the text); and C: background without MR scan (dotted) for comparison.) yielded only the long-term (42 s) stimulation-evoked EEG effects. To achieve this, the complete session was subdivided into nonoverlapping blocks of 2 s for which the square root of the power spectra were independently calculated without any filtering. The region between 0.5 and 4 Hz was further analyzed to validate SWS stages according to their delta activity (Amzica and Steriade, 1998) . In our study, this frequency region can be assumed to be free of MR gradient artifacts as the longest sequence timing, TR, will result in distortions at 9.8 Hz and its multiples. To directly correlate the EEG changes with the BOLD response induced by the stimulus, all subspectra (range 0.5-18.5 Hz) generated during the resting state were averaged and then subtracted from the averaged subspectra during activation. ECG pulse artifacts causing distortions around 1 Hz are quite constant and do not influence the outcome of the subtraction analysis. Involuntary movements might have caused low frequency distortions in the power spectra, but these artifacts should be limited to the range Ͻ 0.5 Hz. Statistical evaluation was performed using a two-tailed unpaired t test.
fMRI Data Analysis
Any data sets showing artifacts due to movement were excluded from the analysis. For the remaining data sets no motion correction was performed as visual inspection of the cine loop revealed no shift within a trial or even between trials and no correction algorithm currently available is suitable for single-slice experiments. After linear detrending to remove linear drifts, cross correlation (CC) maps were calculated (Skudlarski et al., 1999; Gössl et al., 2000) using in-house software (IDL, Research Systems Inc.). A threshold of ͉CC͉ Ն 0.37 and to reduce false-positive activation (Forman et al., 1995) a cluster criterion of at least three activated pixels in the neighboring eight pixels were chosen for qualitative trial analysis and for selecting activated pixels for quantitative analysis.
For quantitative comparisons of the extent and amplitude of BOLD responses during wakefulness, sleep stages 1 and 2, and SWS (stages 3 and 4), fMRI trials were individually selected for an optimum representation of the three conditions. This selection was done off-line based on artifact-corrected EEG recordings and blinded to the results of fMRI trials. Two regions of interest (ROI) were analyzed: (i) the primary and secondary auditory cortices, and (ii) the posterior medial cortex, representing mainly the primary and secondary visual cortices. The first ROI was defined on the CC map during wakefulness by segmenting all active pixels within a butterfly-shaped ROI (Fig. 4E) , including both temporal lobes. The second ROI was a rectangle of fixed width (3.75 cm), centered at the posterior interhemispheric fissure and rostrally limited by the trigona. Regional signal intensity time courses were then averaged over all active pixels (͉CC͉ Ն 0.37) inside these ROIs for both positively and negatively correlated pixels. In addition, the mean amplitudes per ROI were estimated using a least square fit and linear detrending. Statistical evaluation of the number of activated pixels and the mean response amplitudes was performed using MANOVA (SPSS 10 for Windows) followed by a post-hoc Tukey test of BOLD amplitudes and extent during wakefulness, light sleep and SWS. All values are given as mean Ϯ SD. We analyzed only the auditory and visual cortices because the intersubject variation prevented a reliable coverage of, e.g., the thalamus, lateral or medial corpus geniculatum in a single-slice study.
RESULTS
The MR sequence applied resulted in discrete EEG artifacts that could be adequately removed by frequency filtering (Fig. 2) . Because of the reduced gradient slope the power of the artifacts was also reduced compared to regular MR sequences. Visual on-and off-line analysis of the polysomnographic recordings showed that nine subjects were able to fall asleep during scanning (four males, five females, age: 18 -25, mean age 22.5). All nine subjects reached sleep stage 2, with four of them reaching SWS for a continuous period of at least 15 min. No subject had to be excluded from the data analysis because of poor imaging or EEG quality, and no subject entered REM sleep. Altogether, fMRI activation during wakefulness was less pronounced compared to that occurring during the habituation session. This effect resulted most likely from the reduced loudness and reduced sensitivity of the GEFI   FIG. 3 . Average EEG power difference: The difference between the square root of the EEG power spectrum during text activation and that occurring during resting periods was calculated and averaged over all subjects for both wakefulness (dotted) and NREM sleep (solid).
protocol compared with EPI, and was possibly superimposed by effects from sleep deprivation (Drummond et al., 1999) . The data of one of the nine subjects were rejected because of the low quality of the auditory activation during wakefulness. Thus, we were able to quantitatively analyze eight subjects in both wakefulness and sleep stages 1 and 2, as well as three of these subjects in SWS.
In all subjects the EEG power spectra during wakefulness were similar, irrespective of the period being one of rest or text presentation. In contrast, a marked increase in low frequency components, mainly below 2Hz, was observed during NREM sleep (Fig. 3) . The average power difference for the delta range (0.5-4 Hz) was significantly elevated from 0.08 Ϯ 0.22 V in wakefulness to 0.50 Ϯ 0.78 V during NREM sleep (t test, P Ͻ 0.05).
fMRI During wakefulness, a regular positive response was detected in the auditory cortex ( Fig. 4E and Table 1 ). The averaged time course for all subjects is shown in Fig. 5A . There was no consistent positive or negative BOLD response in the visual cortex across the subjects. MANOVA revealed a significant effect of the sleep-wake cycle on regional BOLD responses (Wilks-Lambda test, df ϭ 16, F ϭ 6.296, P Ͻ 0.001). Differences between the individual conditions were independently tested for the extent and amplitude of positive and negative BOLD response in both ROIs. Note. All values are mean Ϯ SD (n ϭ 8 for wakefulness and sleep stages 1 and 2; and n ϭ 3 for SWS). Although during sleep stages 1 and 2 (Fig. 4C) , the area of activated pixels was markedly reduced in the auditory cortex compared with wakefulness (post-hoc Tukey-HSD, P Ͻ 0.001), the amplitude remained at a similar level. Furthermore, marked negative stimulus correlations of the BOLD signal time courses were regularly observed in the visual cortex. The extent and amplitude (Fig. 5B) were significantly increased compared with wakefulness (P Ͻ 0.001 for both). A small number of pixels, located mainly in vessels, showed positive BOLD responses in this ROI with large amplitudes of typically 6.1 Ϯ 3.25%.
During SWS (stages 3 and 4, Figs. 4A and 4B), BOLD responses in the auditory cortex were also markedly reduced in extent compared with wakefulness (P Ͻ 0.001) but not compared with sleep stages 1 and 2 (Fig. 5A) . Conversely, in the visual cortex, the extent and amplitude of the negative responses were significantly different only from sleep stages 1 and 2 (P Ͻ 0.01 and P Ͻ 0.05, respectively) but not from wakefulness (Fig. 5B) .
Finally, an intermediate situation with still a positive BOLD signal in the auditory cortex and emerging negative correlations in the visual cortex and precuneus could be found for the light sleep stage 1 (Fig. 4D) .
DISCUSSION
Using combined fMRI/EEG analyses we found that the cortical BOLD response to a complex auditory stimulus was significantly altered during sleep compared to wakefulness. A general reduction in the extent of activation in the primary and secondary auditory cortices was observed in all NREM sleep stages while the amplitude of changes in the BOLD signal was found to be preserved throughout the different sleep stages. This indicates that the processing of external stimuli during sleep is neither unperturbed nor abolished but can be significantly altered compared to wakefulness. These findings are similar to results from studies about the influence of attention on the activation in primary sensory areas (Watanabe et al., 1998; Somers et al., 1999) . There, larger activation was found to exist in the visual cortex for attended visual stimuli, whereas reduced activation was observed when the attention was directed elsewhere. More generally, in the waking state selective and nonselective top-down modulations have been shown for a variety of stimuli also in early visual processing (Shulman et al., 1997) , depending on selective attention and tonic or phasic arousal. Our findings suggest that similar probably nonselective top-down processes may be responsible for the reduced auditory cortex activation during light and deep sleep stages. Further studies concerning a potential stimulus specificity of sleep-induced reduction in sensory activation are required to evaluate whether top-down modulation of cognitive components of the applied task explains the discrepancy to the study by Portas et al. (2000) who found similar auditory activation during wakefulness and NREM sleep upon a simple beep stimulation.
In addition to reduced activation in the auditory cortex we observed a pronounced negative BOLD response in the visual cortex and precuneus suggesting a marked transmodal deactivation, which was more intense during sleep stages 1 and 2 than in SWS. The negative BOLD response during epochs of complex acoustic stimulation was the most salient feature during sleep stages 1 and 2, which both in extent and amplitude exceeded the changes within the auditory cortices by far. This may indicate a dominant deactivation of large brain areas compared to the resting condition, including transmodal sensory deactivation of the visual cortex. None of the subjects when awake exhibited such negative responses, nor have such effects been reported in the literature for acoustic stimulation paradigms. The fact that these BOLD decrements were reduced in SWS compared to light NREM sleep could be explained either by differences in the BOLD level at baseline or by the stimulus reactivity during these two sleep conditions. Transmodal deactivation as such is a well known physiological principle in the conscious waking state and has been reported in many PET studies addressing perceived mismatch of sensory inputs (Brandt et al., 1998) or, more often, related to an implicit or explicit shift of attention between stimuli from one or more modalities (Drevets et al., 1995; Shulman et al., 1997; Carlsson et al., 2000) . Transmodal deactivation has also been detected by fMRI techniques where a signal decrease was shown for the visual cortex, e.g., during vestibular galvanic stimulation (Bense et al., 2000) . In all these studies a focus on the active, conscious processing of relevant stimuli in one area is achieved at the expense of the competent processing of unattended information in another brain area as reflected by concomitant decrease in the regional cerebral blood flow (rCBF) or BOLD signal. There is, however, a major difference between our findings and those reviewed above: In the present study, the marked transmodal inhibition occurred without any increased activation in a target sensory area but rather with reduced activation in the specific sensory cortex, suggesting a sleep-specific phenomenon.
Moreover, the observed reductions in activity may reflect stimulus dependent abolishment of a background neuronal activation which led Raichle et al. (2001) to introduce the concept of a default mode of brain function. Applying this concept, our findings could indicate a remarkably increased default activity predominantly in the visual cortex during light sleep which is contradicted by PET studies revealing no change in sensory cortical blood flow during NREM sleep (Braun et al., 1997; Maquet, 2000) . Alternatively, we submit that the negative BOLD signal is caused by a general response to sensory stimulation reflecting a deepening of sleep that could counteract potential arousal effects. In fact, beside the rather large and consistent negative BOLD responses in visual areas, some of the subjects also exhibited negative signal correlation in frontal brain regions, which argues against a region-specific phenomenon. In addition, the graded effect with more pronounced deactivation during light NREM sleep compared to SWS would underline a sleep-enhancing mechanism as SWS cannot be deepened to a similar extent as light NREM sleep.
Could sleep be associated with altered neurovascular coupling leading to the observed alterations in BOLD responses? In general, a negative BOLD response can be caused by an increase in the paramagnetic deoxyhemoglobin (dHb) concentration which could result from a reduced blood flow due to the deactivation with reduced rCBF or from altered neurovascular coupling during activation with impaired rCBF increase in the light of elevated dHb production. Even though we cannot completely rule out the latter possibility, such dramatic changes in vascular responsitivity seem unlikely and would be in conflict with PET data reporting a normal hemodynamic response during sleep (Maquet, 2000) . The preserved BOLD amplitudes in the auditory cortex furthermore argue against profound and general changes in neurovascular coupling. To clarify concomitant blood flow and volume changes by MRI techniques, flow sensitive experiments would be required in the future.
Recently, a negative BOLD signal was observed in the vicinity of activated regions (Harel et al., 2001; Shmuel et al., 2001 ). This effect is generally explained by the draining or "stealing" of blood from adjacent nonneuronally active areas, which is not plausible in the present study due to the large extent of the negatively correlated regions and the lack of neighboring positively correlated areas. To the best of our knowledge our data also describe the largest area showing negative BOLD response reported so far.
Direct support of the notion that the observed negative BOLD response may represent reduced neuronal activity related to increased sleep depth comes from the analysis of simultaneous EEG recordings. The relative increase in low frequency activity during stimulation periods compared with resting periods corroborates the presumed "sedating" action of the deactivation effect noticed in fMRI. Despite the limited localization accuracy of EEG recordings, the observation of similar effects from different electrodes further supports a general rather than a regional effect. The subtraction technique of EEG power spectra we used also demonstrates a novel exploitation of simultaneous EEG and fMRI recording allowing a much more direct comparison of neuronal events aggregated to the time window of fMRI as well as alleviating the need of MR-specific pulse and gradient-induced artifact corrections. Although an increased number of delta waves cannot be ruled out completely, the elevated low frequency power in the low delta range most likely reflects an increase in K-complex activity, which would be well in line with previous reports upon presentation of acoustic stimuli (Loomis et al., 1939) . A more detailed analysis of the EEG recording is in progress.
Comparing our results with those of other studies about sleeping or anesthetized subjects, obvious similarities regarding negative BOLD response can be seen: With stronger sedation, i.e. using anesthetics (Born et al., 1996; Martin et al., 1999) negative BOLD signals were observed within the visual cortex and precuneus but only when visual stimuli were presented. A reduction of the BOLD intensity upon visual stimulation was already seen in mildly sedated subjects. Recently, Born et al. (2000) , in a preliminary study, identified a remarkably similar negative BOLD signal within the visual cortex during sleep using stroboscopic stimulation.
However, the only other study concerning acoustic stimulation during sleep by Portas et al. (2000) did reveal neither negative BOLD effects in the visual cortex nor a reduction of the positive response in the auditory cortex. This difference between the findings might be caused by the actual sleep stages observed and the difference between both stimuli used as well as the fMRI protocols: Portas et al. (2000) used single beeps and the subject's name for the activation, the latter intervention frequently causing the individuals to wake up. In addition, the use of the loud EPI sequence might result in a higher level of resting activation, enhancing the positive BOLD effects (especially during light sleep) and limiting the capacity of sleepprotecting mechanisms. In our study, continuous presentation of a narrative text over 42 s and use of silent GEFI could provoke the onset of a sleep-protective mechanism more effectively. Although limited by the spatial coverage of the brain, silent fMRI may provide a more natural sleep environment, which is supported by the fact that Lövblad et al. (1999) were able to record REM sleep using silent BURST sequences described by Hennig and Hodapp (1993) .
In the present study we used a new method combining BOLD response measurements with silent fMRI and EEG registration to examine the effect of auditory stimulation during human sleep. The observed reduction of BOLD response during light NREM sleep and SWS in the auditory cortex was associated with a striking negative BOLD response in the visual cortex and precuneus. These sleep-induced changes possibly reflect a mechanism of altered processing of external stimuli consistent with the physiological and behavioral nature of sleep.
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